Coexistence of spin-singlets and metallic behavior in simple cubic CsCeo 
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We present a detailed NMR study of simple cubic CsCeo , the only metallic cubic fuUerides known 
so far besides AsCeo- ^'^'^Cs NMR signals the presence of about 12 to 15 % of "anomalous" Ceo balls, 
characterized by a 15 meV gap. We present different experimental observations supporting the idea 
that a spin-singlet (i.e. a Cg^) is localized on these latter balls and stabilized by a JTD. A splitting of 
the ^^^Cs spectrum into three different lines, with distinct electronic environments, is observed which 
emerges naturally from such a situation. Quadrupole effects on ^'^'^Cs confirm an inhomogeneous 
distribution of the charge between Ceo molecules. Analysis of the relative intensities of the ^^^Cs 
lines show that the spin-singlets do not form clusters at the local scale, but are diluted within the 
lattice. This is probably to avoid the occurrence of neighboring Cg,^ and minimize electrostatic 
repulsion between these balls. Through spin-lattice relaxation measurements, we detect chemical 
exchange between the Cs sites above 100 K. From this, we deduce that the lifetime of a spin-singlet 
on a given ball decreases exponentially with increasing temperature (from 15 sec at 100 K to 3 ms 
at 130 K). The implications of the presence of such spin-singlets for the nature of the metallic state 
is discussed, in relation with a decrease of 1/TiT for ^"^C at low temperatures, which would be 
anomalous for a simple metal. 
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I. INTRODUCTION 



To investigate the electronic properties of fuUerides, 
one would wish to vary freely the number of doped elec- 
trons between and 6 in the triply degenerate ti„ band. 
It is rather difficult with chemical doping because only a 
limited number of phases apupear to be stable. The FET 
devices recently synthesizedy might offer a more conve- 
nient way to do this, as the number of charge carriers in- 
jected in one Ceo monolayer can be controlled through an 
applied gate voltage. However, although transport mea- 
surements are easily accessible, all investigations cannot 
be performed on these systems. Furthermore, it is not yet 
clear whether the properties of "bulk Cgo" are similar to 
those of its surfaceEl and a careful comparison between 
the two systems is extremely desirable. To achieve that, 
the number of chemically stable bulk stoichiometrics has 
to be extended. 

The conventional chemical doping is obtained by in- 
serting n alkali ions {A) in the Ceo structure, leading 
to AnCeo compounds, where the charge state of the Ceo 
molecule is very close to — n. The direct influence of 
the alkali atoms on these properties are thought to be 
negligible, although it could be a complication in some 
cases, mainly through structural modifications. Usually, 
only phases with an integer number of electrons peg ball 
are formed. AaCeo and A4Ceo were discovered firstQ and 
were consequently the most studied. A3 Ceo are metals 
and superconductors at low temperatures, while A4Ceo 
are insulators. As both- should be metals in a simple 
band structure approacha, such a difference raises funda- 
mental questions. Electronic correlation and/or electron 



phonon coupling, both neglected in simple band calcula- 
tions, must be important here. In view of the contrasted 
experimental situation, it seems important to extend in- 
vestigations to other stoichiometries to estimate the rel- 
ative importance of the different parameters. This paper 
is a second of a sesies of three [Wapers devoted to this task, 
called hereafter B, II and IIIEI . 

Certain stoichiometries are more difficult to obtain for 
the following reasons. 

- n=l is stable (with A^<, Rb, Cs) but spontaneously 
polymerizes below 350 KQ, leading to a rich but different 
physics, where low dimensionality could play a role. To 
avoid this problem, the cubic fee phase (T > 350 K) has 
been quenched to obtain metastable phases with cubic 
symmetry. A non-cubic phase is usually formed with Ceo 
dimersH. In the case of CsCeo however, a cubic, phase can 
be obtained by quenching to liquid nitrogepa, which is 
orientationally ordered (sc Pa3 symmetry )liy. It is called 
hereafter CQ for cubic quenched and the purpose of this 
paper is to study the electronic properties of this phase, 
which is predominantly metallic. On the other hand, the 
properties of the high temperature cubic phase will be 
discussed in paper III. 

- n=2 is not obtained with large alkali ions (K, Rb, Cs) 
that first fill the large octahedral site (forming AiCeo) 
and then the two tetrahedral sites (forming A3 Ceo). 
Na2C6o is the only case where n=2 can be studied and 
we have shown that it behaves similarUi,to A4Ceo, i.e. 
there is a gap in the electronic structuretil. As these sto- 
ichiometries have symmetric positions in the ti„ band, 
this gap must be an intrinsic feature of these band fill- 



ings. A detailed comparative NMR study of Na2C6o an 
K4C60 has been presented in paper I. 

- n=5 cannot be reached by inserting only alkali ion 
A charge transfer of 5 electrons per Ceo has been observe 
in ABa2C6p-(A=K, Rb, Cs) because Ba gives 2 electroi 
to the CeoEj. The tiu band might be modified in th 
case by some hybridization with Ba orbitals. We noi 
that the first investigations indicate a metallic state_ 
Korringa law has for example been observed by NMREJ 
although more studies are still necessary. 

This short review suggests that, beyond the oppositic 
of A3C60 and A4C60, compounds with an even number ( 
electron per Cgg are insulators, while those with an oc 
number of electrons are metals. This is puzzling as, if tl 
band picture fails because the Coulomb repulsion U ~ 
eV is larger than the bandwidth W « 0.5 eV, but, a 
compounds with an integer number of electrons shoul 
be Mott insulators. The study presented here revea 
the presence in CQ CsCgo of a small number of Cg^ 
This implies that there must be an effective attracti^ 
interaction at the local scale that helps in this case 1 
overcome the strong Coulomb repulsion. Understandir 
the actual mechanism for the formation of such pairs 
then likely to shed new light on how some of these phasi 
can become metallic despite the large Coulomb repulsio] 
We will argue that a Jahn- Teller distortion (JTD) of tl 
Cgo molecule, which is a consequence of the electron 
phonon coupling in these systems with degenerate bam 
is the missing ingredient responsible for this behavior. 

The difficulties introduced by the quench necessary 1 
produce CQ CsCgo have limited so far experimental ii 
vestigations, for example there are no reported transporr 
measurements. Also, the available temperature range is 
restricted to T< 135 K, above which it transforms irre- 
versibly into the dimer phase. The CQ phase appears to 
be metallic as ESR detects a Pauli-like susceptibilityO and 
-'^^C NME, spin-lattice relaxation a Korringa law down 
to 50 KEJ. By analogy to AsCgo, a superconducting 
ground state could be expected, but no superconductiv- 
ity has_heen detected down to 4 KeI. We have suggested 
in ref.tj that it could be due to a competition with al- 
ternative ground states. Indeed, clear anomalies in the 
^^•^Cs NMR spectrum indicate that the electronic proper- 
ties of CQ C'sCqo are not homogeneous on the local scale. 
The situation can be summarized by the picture of Fig. 
|l. Within a predominantly metallic phase, we proposed 
that 2 electrons get localized on some Cgo balls (about 
10 %) and paired into a spin-singlet. We will give in this 
paper new experimental observations which support this 
scenario (section II). To get more detailed information 
on this charge segregation phenomenon, we particularly 
focus our attention in this paper on some features that 
were not addressed in our previous report on this phasetil 
: the distribution of the Cg,^ within the metal (section 
III) and their lifetime (section IV). Finally, we discuss 
the implications of the presence of CgQ~ for the nature 
of the metallic state (section V). 
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FIG. 1: Structural model of cubic quenched CsCso describing 
the electronic properties as revealed by NMR. Spin-singlets 
are localized on a fraction of the Ceo balls (about 10%) leading 
to different types of Cs sites. They are called respectively NS, 
S or 2S when 0, 1 or 2 of the 6 Ceo neighbors of one Cs site 
bears a singlet. The remaining electrons are delocalized over 
the other Ceo balls. 



II. THREE CS LINES 

On the ^^^Cs spectrum of Fig. ||, obtained at 120 K 
and 7 T, three different lines are clearly resolved at - 
15 ppm, 800 ppm and 1800 ppm. The latter line has 
a much smaller intensity (6 ±2% of the total) than the 
two main lines and was not detected in re£j. As shown 
hereafter, its detection allows to confirm and refine the 
model of Fig. [|. 

Finding three Cs lines contradicts the expectations of 
structural studies, for which there is only one. site for 
Cs in this phase, namely the octahedral siteEHl. With 
one site, only one NMR line shauld be observed, as in 
the high temperature fee phasecJ. The particular phase 
diagram of CsCgo allows to convince oneself rather di- 
rectly that all these lines are intrinsic, because they all 
disappear irreversibly at the transition to the dimerized 
struc.ture. In addition, SEDOR experiments reported in 
ref.L3 demonstrate that the different Cs sites are mixed 
on the microscopic scale. 



A. Local electronic environment of the three Cs 
lines 

The splitting of the ^'^^Cs NMR spectrum implies that 
there are three different Cs sites well defined at the local 
scale. To understand their origin, the study of the lo- 
cal electronic environment, as probed by the NMR shift 
K and the spin-lattice relaxation rate 1/Ti of each line, 
both presented in Fig. ^, is very helpful. These quanti- 
ties depend on the hyperfine coupling A between Cs and 
one of its 6 Cgo first neighbors. The shift is expected to 
read K ^ a + QAxioc, where a is the reference chemi- 
cal shift and xioc the local electronic susceptibility, and 
1/Ti cx QA^x'Lci^o)l^a, where x'Lci^a) is the imaginary 



3 




I 1 I 1 I 1 I 1 I 

-1000 1000 2000 3000 

Shift (ppm) 



FIG. 2: "''Cs NMR spectrum at 120 K in the cubic quenched 
phase showing the different Cs lines. The repetition time was 
200 msec. 

part of xioc at the nuclear Larmor frequency (for ^'^^Cs, 
ujQ — 40 MHz at 7 T). The reference chemical shift can 
be estimated by the position of Cs+ in the gas phase to 
be around a =-300 ppnJl3. Therefore, the shift of the 
less shifted line is small, about 200 ppm at low tempera- 
ture, and we label this line as NS for Not Shifted. Such 
a small shift is expected for Cs in metallic fuUerides be- 
cause electrons are almost completely transferred to the 
Ceo balls. In addition, it is almost temperature indepen- 
dent according with a metallic susceptibility (the upturn 
above 100 K will be discussed in section IVb). On the 
contrary, the two other lines exhibit unusually large shifts 
with large temperature dependences inconsistent with a 
metallic environment. To contrast with the NS line, the 
line at 800 ppm is called S (for shifted). Interestingly, 
the shift of the most shifted line is approximately twice 
that of the S line and we therefore label it 2S. Similarly 
its Ti is reduced by a factor 2 with respect to that of the 
S line. At 80 K, '^^Ti= 43ms ± 11ms to be compared 
with -^Ti = 110 ± 10 ms for the S line. 

These latter points strongly suggests that the inequiv- 
alency between the Cs sites results from a local pertur- 
bation and that the three lines emerge from the coupling 
with zero (NS), one (S) or two (2S) "anomalous Ceo"- 
Indeed, if we call Xg and Xm the susceptibilities of re- 
spectively one "anomalous Ceo" and one "metallic Cgo", 
Ag and Am the hyperfine couplings between them and 
Cs, we expect the following relations. 

KnS = QAraXni i/Ti)NS OC 6A^Xm 

Ks = 5AraXm+AgXg 1/Ti)s K 5A^X™ + ^gXg 

K2S = 4A,„x™ + 2AgXa 1/Ti)2s « AA^x'L + '^K^'g 

This fits the experimental observations K2S ~ 2/^5 
and l/ri)2S « 2 1/T'i)5 provided that the anomalous 
component dominates the metallic one, i.e Ag Xg >> A^ 
Xm, which is obvious since Ks » Kjys- We can actually 
estimate Am Xm= 30 ppm and Ag Xg = 700 ppm at 120 
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FIG. 3: "^Cs NMR shifts with respect to a CsCl solution as 
a function of temperature for the two main Cs lines (NS and 
S) in cubic quenched CsCeo- For the S line, 1/TiT is also 
displayed by open symbols (right scale). The line is a fit to a 
law A-|-B/T*exp(-Ea/fcsT) with Ea=15 meV. 



K. 

Fig. |3| also shows that there is a scaling between K 
and 1/TiT for the S line up to 110 K, which ensures 
that they are both dominated in this temperature range 
by the same electronic excitations. This common behav- 
ior represents Xg and is fitted on Fig. ^ by an activated 
law (A/T)*exp(-Ea/ksT) with E^ «15 meV. This means 
that the "anomalous Ceo" correspond to a molecular ar- 
rangement with a gap Ea and therefore electrons must 
be localized on these balls. The simplest idea would be 
that one electron is "trapped" by some defects, but in 
this case we should observe a paramagnetic behavior of 
this localized spin 1/2 at low temperatures, which we do 
not. The most plausible way to explain the vanishing 
susceptibility at low T is that two electrons are localized 
instead of cme and paired up into a singlet. Molecular 
calculationsliZl indeed predicts that the singlet state wins 
over the triplet state (favored by Hund's rules) for Cqq in 
the presence of a JTD. In our opinion, this gain of energy 
associated with JTD is at the origin of the formation of 
Cqq within the metal. We note that there might be an 
additional temperature independent contribution xo to 
K as its low temperature value is very different from our 
estimation of cr = —300 ppm or from the shift of the NS 
line. 

Na2C6o is a natural reference for the NMR behavior 
of the JTD Cgf^llil. The gap measured on Cs S sites is 
much smaller than the 140 meV singlet-triplet gap of a 
Cqq measured through 1/Ti relaxation in Na2Ceo. The 
limited stability of the CQ phase in temperature (T < 
135 K) does not really allow to probe the existence of 
molecular excitations of this high energy. This 15 meV 
gap more likely corresponds to excitations of the singlets 
towards the metallic band. We have seen in paper I that 
in Na2Ceo also, the low temperature behavior is governed 
by such band excitations. The fact that the spin-singlets 
cannot be viewed as an isolated entity might also explain 
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why K and 1 /Ti seem to tend to a constant vahie differ- 
ent from zero at low temperatures. More details will be 
given in the last section of this paper on the interactions 
between the singlets and the band. 



B. Confirmation of local charge segregation 

This inhomogeneous distribution of the charge among 
the Cgo balls will create electric field gradients (EFG) 
at the Cs S and 2S sites and since ^'^^Cs is a spin 7/2, 
it should sense them through its quadrupole moment Q. 
Actually, we show hereafter that the larger linewidth of 
the S line (A;/ w 16 kHz at half width) compared to the 
NS line (Az^ « 5 kHz) is due to larger quadrupole effects 
on these sites. 

In presence of quadrupole effects, the different nuclear 
transition (7/2^ 5/2, 5/2^ 3/2, etc) acquire different 
frequencies v^^n vq f{9, ip), where n is the order of the 
transition, vq a quadrupole frequency proportional to 
the strength of the EFG and the value of the quadrupole 
moment, and f{9, ip) a function depending on the orienta- 
tion of the EFG with respect to the NMR field. Eventu- 
ally, if i^Q is very large, the "satellite transitions" could 
be lost because they become very broad and only the 
central transition l/2<-^ ~l/2 is observed. This is not 
very likely for ^^'^Cs, because it has one of the small- 
est quadrupole moment of all nuclei. The lengths of the 
NMR pulses that,optimize the signal should be different 
in this situationlla. As this is not the case, we conclude 
that all the nuclear transitions are observed for all sites 
and the broadening of the spectrum is then a first order 
quadrupole broadening. 

The value of uq expected for the S sites in our model 
can be estimated by a direct calculations of the EFG, 
assuming point charges. 
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where V is the electrostatic potential, / the nuclear 
spin and (1 — 700) the Sternheimer antishiclding factorll3. 
The distribution of charges around one S site yields 
i^Q « 6 kHz. The resulting lineshape depends also on 
the other principal values of the EFG, here we calculate 
Vxx = Vyy — —1/2 Vzz- A simulation of the spectra (for 
this powderj-sample, it has to be averaged on all possible 
orientational3) is shown on Fig. | in two different cases. 
For the dotted line, a very small experimental broaden- 
ing is introduced and all satellite transitions are visible. 
For the thin line, a realistic experimental broadening of 
3 kHz, similar to the NS linewidth, is introduced, which 
allows a direct comparison with the experimental spec- 
trum. The agreement is very good which should only 
be taken as a proof of the consistency of our analysis. 
It is known that the EFG could vary significantly from 
this rough point charge estimate, when a more realistic 
situation is considered, for example an inhomogeneous 
distribution of the charge over the Cgo molecule. 
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FIG. 4: "^Cs spectrum at 80 K in the CQ phase (thick line). 
The other lines are quadrupole simulations of the S lineshape 
explained in the text. The theoretical lineshape is convoluted 
by a gaussian of linewidth 0.1 kHz (dotted line) and 3 kHz 
(thin line). 



As for the 2S line, the linewidth is similar to that of S 
{Av Ki 18 kHz). This is consistent with the idea that the 
broadening is not of magnetic origin, for example arising 
from a distribution of shift, in which case the linewidth 
should double. The quadrupole broadening for a 2S site 
in our model depends on the relative position of the Cg,^ 
with respect to this Cs site. If they are on a straight 
line with respect to their common Cs neighbor, the point 
charge calculation predicts that z^q[2S'] = 2 t'(5[5], while 
if they are in different directions i'q[25'] ~ vq[S]. This 
latter case would apparently be in better agreement with 
the data but, as already mentioned, the calculation of 
the EFG is somewhat rough and the lack of structure in 
the S and 2S lineshape does not allow a refined analysis. 
Actually, next section provides more reliable information 
on the distribution of the Cg,^, which do not favor this 
arrangement. 

The detection of quadrupole effects on S and 2S sites is 
however essential to ensure a qualitative agreement with 
the model of Fig. 0. 



III. DISTRIBUTION OF THE Cgo WITHIN THE 
METAL 



Following the lines of the model described in Fig. ||, 
the number of Cg(^ can be deduced from the relative in- 
tensities of the three lines, the area of one line being 
proportional to the number of sites resonating at this 
frequency. As can be seen on Fig. ^, the ratio between S 
and NS sites is nearly constant as a function of tempera- 
ture, NS/S = 45/55, and it is reproducible with different 
samples and/or different quench, so that it must corre- 
spond to a well defined equilibrium. As there are 6 Cgo 
neighbors to one Cs site, there must be roughly 10 % of 
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Cg,^ to produce this ratio. With such a number, there is 
a non-neghgible probabihty of finding a Cs site with two 
CgQ neighbors, which correspond to our "2S sites" . 



A. Structural arrangement of the CgQ 

More precisely, a closer look at the relative intensities, 
and especially the number of 2S sites, can help us to ad- 
dress the question of the distribution of Cg^ balls within 
the metal. On Fig. ^ we show the results of calculations 
of the number of Cs sites as a function of the concentra- 
tion of Cqq in two different cases : 

i) with a random distribution of Cgg" 

ii) when neighboring C^q are excluded ("diluted" 
case). 

To compare with the experiment, the number of S, NS 
and 2S sites at 120K are reported on Fig. ^. In the 
random case, the calculated intensities never quite reach 
the experimentally observed values. The fraction of 2S 
sites is rapidly higher than in the experiment and there 
are always more NS sites than S sites, contrary to the 
experiment. Furthermore, the intensity of a 3S line cor- 
responding to Ceo with three C^q neighbors would be 
sizable, although it is not observed. In the diluted case, 
12% of Cg,^ almost exactly correspond to the experiment 
at 120 K, as shown by the vertical line. In this situa- 
tion, the 3S configuration is forbidden, according to the 
experimental finding. Therefore, we conclude that Cqq 
are diluted within the lattice to avoid a situation where 
they are first neighbors. They do not segregate in super- 
structures that could be reminiscent of the formation of 
stripes. This last point is consistent with SEDOR exper- 



iments that rule out the formation of "clusters" of C 
This dilution could be favored because it minimizes the 
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FIG. 6: Simulation of the number of NS, S, 2S and 3S Cs 
sites as a function of the percentage of C^q in two different 
situations: i)tlie distribution of Cg,^ is assumed to be random, 
ii) a "diluted model" where two neighboring Ceo molecules in 
a singlet state are excluded (in this case there are no 3S sites). 
Experimental values at 120 K are given by horizontal lines for 
comparison and the agreement with 12 % C^q in the diluted 
case by a vertical line. 
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FIG. 5: Relative intensity of the ^^^Cs NS line compared to 
the one of the S line. This gives the percentage of NS sites 
as a function of temperature. The different symbols refer 
to different samples and/or different quench, showing a good 
reproducibility of this measurement. Error bars are larger at 
low temperatures when the two lines begin to overlap. 



electrostatic repulsion between C^q . As a function of 
decreasing temperature, comparison between Fig. |5| and 
Fig. H suggests an increase of the number of Cqq to about 
15 %, although the error bars are quite large. 



B. What limits the number of Cgn to about 10 to 



The experimental concentration of C^^ appears a lit- 
tle bit puzzling at first, since one could expect that if the 
Cgg" are more stable than CgQ, there should be a total 
charge dismutation between Cgo and Cqq . One problem 
with such a dismutated ground state is that it cannot 
be realized in this phase because of the inherent frustra- 
tion of the fee lattice. Furthermore, if first neighboring 
Cqq are excluded, the maximum number of Cqq would 
already be reduced to 25 %. This would correspond to a 
completely ordered structure with a singlet on each cor- 
ner of the cubic cell and none on the faces. With some 
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disorder, this number would rapidly drop. 

Maybe the Cgg do not order collectively, because they 
are preferentially formed on some defects of the structure. 
A particular feature of the orientational order charac- 
terizing the sc phase is that there are two orientations 
for the Cgo molecule. They are defined by an angle (p 
from which they are rotated with respect to the sp^called 
"standard orientation" around one diagonal axisli3. The 
value minimizing the Cgo interactions occurs for if — 98° 
but a second minimum for ip = 38° is nearly degenerate. 
The fit of the X-ray spectra can be improved in all sc 
phases (Ceo, Na2AC6o and CQ CsCeo) by allowing 12 to 
20 % of the balls at low T to be in a "minor orienta- 
tion" corresponding to ip^^ 38°. For CQ CsCeo 16 % 
gives the best fit at 4.5 Kt3. The closeness of this value 
with the number of singlets found here is such that one 
is tempted to consider that a ball in a minor orientation 
might be viewed as a disorder potential efhcient in trap- 
ping a Cqq . It is indeed known that the overlap integrals 
between neighboring Ceo are very sensitive to their rela- 
tive orientations. In pure Ceo, no structural correlations 
were found between the balls in a given orientationlla, as 
found here for the singlets. 



IV. MOTION OF SPIN-SINGLETS ABOVE 
100 K 

The observation of three different lines indicate that 
the spin-singlets are nearly static on well determined Ceo 
balls on the NMR timescale. However we show hereafter 
that other experimental observations such as the NMR 
spin lattice relaxation time Ti allow to determine the life- 
time of the spin singlets which decreases with increasing 
temperature. 



A. Relaxation behavior 

As can be seen in Fig. 0, Ti for the NS line changes 
dramatically between 110 K and 130 K, getting shorter 
by two order of magnitudes. At 130 K although the two 
main ^"^^Cs lines are perfectly resolved, they have almost 
the same Ti. This finding suggests that the nature (NS, 
S or 2S) of any Cs nucleus is changing with time, so 
that the properties of these sites become identical on the 
large timescale of the Ti measurement (more than 50 
ms), although on the short timescale corresponding to 
the inverse spectrum width (typically 100 /is here), in- 
dividual resonance frequencies are still resolved. Within 
our model, such a situation would occur if the electronic 
spin-singlets start to jump from a Ceo to its near neigh- 
bor Ceo- When such an electronic jump occurs, some Cs 
S sites become NS and vice-versa. 

Let us examine in more details whether a motion of 
the spin-singlets could explain the change in TiEJ. We 
assume that there is a probability p per unit time that 
the nature of the site changes from S to NS or NS to S. 
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FIG. 7: Ti for the two main "^Cs NMR lines between 80 K 
and 135 K. The reduction of the NS line Ti for above 100 K is 
attributed to chemical exchange between the two sites. The 
straight lines extrapolate the temperature evolution of Ti if 
there were no exchange. The other lines are a fit to our model 
of chemical exchange (see text). 



On the other hand, 



we suppose that for each situation 

2- 



(Cs neighboring a Cg,^ or not), there is a well defined 
relaxation rate Wg (resp. Wns). Let ns be the number 
of S sites (resp. n^s for NS sites) excited at the time 
t=0 by the saturation pulse of the Ti experiment, the 
relaxation of the two spin species obeys the following 
coupled system. 



at 



dn 



NS 



dt 



pns - (Wns + p) riNS 



For an infinite lifetime of the singlets, that is for p 
= 0, we recover the expected exponential decay with 
(l/ri)s = Ws and (1/Ti)a,s = Wns- When Wns < 
P < Ws, the relaxation rate of the NS line is strongly 
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FIG. 8: Logarithmic plot of the value of the exchange param- 
eter p used to obtain the line of Fig. 7 as a function of the 
inverse of the temperature, p can be fitted by an activated 
law as shown by the solid line. 
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reduced and tend to the value (Ws+Wats) / 2 as p in- 
creases. By extrapolating the variation of Ws and W^s 
by straight lines (see Fig.|^) , we calculate with this model 
the value needed for p to obtain the experimental Ti val- 
ues. We can indeed reproduce the experimental results, 
as shown by the dashed lines on Fig. 0. For each tem- 
perature, the value of p that we have used is reported on 
Fig. H It follows an activated temperature dependence 
with p = 5 10i'**exp(-3700/T), which sets a new energy 
scale for the sytem of about 320 meV, characterizing the 
energy barriers that traps the singlet. This magnitude 
is quite comparable with the activation energies usually 
found for the molecular rotations in AnCgo compounds. 
The temperature range where we start to observe the 
motion of the spin-singlets also roughly corresponds to 
the usual range for the onset of molecular motions. This 
reinforce the idea that the trapping of the singlets could 
be related to Cgo in a minor orientation. 

From the frequency of jumps between the two sites, we 
can deduce the characteristic lifetime of a spin-singlet on 
a particular Cgo ball. It changes from 15 sec at 100 K to 
3 ms at 130 K. 



B. Static spectrum 

This characteristic time is still long compared to the 
time scale of the experiment, therefore the motions of 
the singlets do not show up clearly on the static spectra. 
However, in the range of temperatures for which the Ti 
become identical, the scaling between the shift and the 
relaxation for the S line does not hold anymore (Fig. |^), 
which suggests that the jumps of the singlets begin to 
affect as well the resonance frequencies. If we could in- 
crease the temperature further, we could expect that p 
will become short enough to yield a motional narrowing 
of the static spectrum with three lines ultimately merg- 
ing into one. From the data of Fig. |[ we can extrapolate 
that the two main lines would merge together at 150 K, 
when the frequency jump is comparable to the 30 kHz 
frequency separation of the two lines. This is a first step 
to reconcile the properties of CsCgo in its CQ and high 
temperature phases, where only one Cs line is observed. 
The relation between these two cubic phases will be dis- 
cussed in more details in paper III. The upturn of the NS 
shift above 110 K that can be noted on Fig. ^ might be 
a precursor sign of this effect. 



V. INTERPLAY BETWEEN THE 
SPIN-SINGLETS AND THE METALLIC STATE 

The motion of spin-singlets described above shows that 
they can be considered to some extent as charge carriers. 
Actually, in a random metallic state with negligible on 
site Coulomb repulsion and nominally one electron per 
Cgo, one expects to find on each Cgo either zero, two 
or one electron, either with spin up or down, all states 
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FIG. 9: 1/TiT as a function of temperature for NMR (left 
scale) and ^^^Cs NMR S line (right scale) in the CQ phase of 
CsCeo- While the ^'^'^Cs S line behavior mainly reflects the 
properties of the gapped Cqq ion, ^'^C NMR is dominated by 
the metallic behavior which becomes anomalous below 50 K. 



with equal probabilities. A 25 % concentration of doubly 
charged Cgo, or less if we include some Coulomb repul- 
sion, is then quite natural and it is more their increased 
lifetime that is surprising here. We assign it to the higher 
stability of the JTD CgQ~, and this could play a partic- 
ular role in the charge transport of A2„+iC6o. In the 
presence of any disorder potential, they could become 
easily trapped, which seems to be the case in CQ-CsCgo- 

An important question that has been left aside so far 
is whether there is also 12 % of static neutral Cgo or 
if the unpaired electrons are delocalized on the 88% re- 
maining balls. Although hypothetic, the possible "non- 
stoichiometrie" of the CQ phase is reminiscent of the dis- 
cussions about the role of vacancies in A3 Cgo . The phys- 
ical model behind this idea was that A3 Cgo would be a 
Mott insulator for integer filling because of the strong 
electronic correlations and that only the deviation from 
3, introduced by a reproduciblejiumber of vacancies, al- 
lows the formation of a metalEll. The same argument 
could be discussed for CQ CsCgo. 

From the experimental point of view, we are not able to 
distinguish by ^■^C NMR the signals of differently charged 
Cgo balls, neither the signal of Cqq or of any eventual 
neutral Cgo, from that of the dominant fraction of CgQ. 
This results from the well known fact that the anisotropic 
orbital contribution to the NMR shifts dominates the 
electronic contribution to the shift in A„Cga-compounds 
and broaden the signals at low temperaturescj. Although 
different relaxation times could be expected for the dif- 
ferent components, it is beyond experimental accuracy to 
detect such a small fraction of distinct behaviors. The re- 
laxation curves for the NMR magnetization, from which 
Ti is extracted, are intrinsically not exponential at low 
temperatures in fuUerides, because of the existence of in- 
equivalent ^'^C sites on a given moleculeQ. This would 
easily blur the occurrence of different relaxation mecha- 
nism for a small fraction of the Cgo. 

Nevertheless, we do observe an anomaly in ^^C NMR, 
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which could help us to understand the coupling between 
the band and the formation of Cg^. Fig. || shows that 
although 1/TiT is constant between 50 K and 100 K as 
expected for a metallic Korringa law, it decreases below 
50 K by a factor « 3 (the upturn above 100 K will be 
discussed in paper III). As emphasized on Fig. ^, this 
decrease is not correlated with the ^'^^Cs NMR for which 
1/TiT saturates precisely below 50 K and therefore more 
likely affects the properties of the band that dominate 
anyway the ^^C NMR. The Korringa law relates 1/TiT 
to the square of the density of states (1/TiT oc n(Ej)^) 
which suggests a decrease in the density of states at low 
T, that could be due to an increase in the number of 
CgQ , taking more electrons out of the band. The general 
trend of the variation of the number of Cg^ indicated by 
Fig. H is in qualitative agreement with this idea but not 
quantitatively. The maximum variation of the number of 
NS sites between 50 K and 10 K would be from 50 % to 
25 %, corresponding to an increase in CgQ from 12% to 
17 % (see Fig. ^) and then a decrease of n(E/) by about 
only 5 %. If the decrease of 1/TiT is related to this ef- 
fect, the properties of the band must be modified at the 
same time, for example 1/TiT can be enhanced abosie 
the value expected from n(E/) by correlation effectstj. 
Actually this effect exists in CQ CsCgo, as the constant 
value of 1/TiT is enhanced by almost a factor 2 com- 
pared to Na2CsCgo that has a similar susceptibility and 
this could change as one goes further away from integer 
filling. 

VI. CONCLUSION 

We have shown that many independent NMR obser- 
vations support the idea that spin-singlets are present in 
the CQ phase of CsCgo on about 12 % of the Cgo balls. 
The lifetime of these spin-singlets on a given ball in- 
creases exponentially with decreasing temperature (from 
3 ms at 130 K to 15 sec at 100 K). We believe that 
they are formed randomly by hopping within the metallic 
phase and become trapped at low temperatures, maybe 
by the disorder potential associated with the existence of 
two different orientations for the Cgo molecules in the sc 
phase. 

The most important consequence of this study is that it 
reveals an attractive interaction at the local scale which 
allows to form spin-singlets despite the large Coulomb 
repulsion that should forbid a double occupancy of the 
same site. We propose that this interaction is mediated 
by Jahn- Teller distortions. Because the gain of energy 
associated with a JTD is larger for an evenly charged 



molecule, these configurations could be stabilized even 
in compounds with odd stoichiometrics. It is natural to 
wonder whether this also plays a role in the case of A3 Cgo. 

The unexpected splitting of the ^^■^Cs spectrum, which 
is the consequence of the presence of Cg(7, inevitably 
refers to the T' line observed in many-Jcc AaCgo systems 
for the alkali in the tetrahcdral sitecJ. SEDOR experi- 
ments have shown that the T' line arises from a modified 
tetrahedral site. Its intensity reproducibly corresponds 
to about 15 % of the tetrahedral sites. Many explana- 
tions have been proposed for the origin of the T' site (T' 
could be neighbor from a vacancy, a misoriented Cgo or a 
JTD one etc.) but none of them is consistent with all ex- 
perimental observations. By analogy to CQ CsCgo where 
the splitting is much clearer, it is tempting to say that 
the T' line could correspond to a small fraction of about 
3 % localized Cg,^ or Cgp" in A3 Cgo, maybe trapped by 
some defects. We have suggested that the sc structure 
efficiently traps the Cg^ on the balls in the minor ori- 
entation and the absence of such orientations in the fee 
A3Cgo compounds might play a role. To check this, it 
would be interesting to know whether there is a similar 
line in the orientationally ordered Na2 CsCgo and what is 
its intensity. This might be a clue to prove that the pe- 
culiar properties of CQ CsCgo actually reveal a common 
tendency in alkali fuUerides. 

Indeed, an independent NMR observation, based on 
an anomalous temperature dependence of 1/TiT, has 
recently led us to suggest that CgQ and CgQ are also 
formed in A3 Cgo but usually on very short lifetimes of 
the order of lO"^"* |Sec. We have proposed this idea by 
studying Na2CsCgotll and we will present in paper III a 
generalization of this phenomenon to other systems like 
R-bsCgo. The main difference between CQ CsCgo and 
these other compounds then resides in the lifetime of the 
CgQ~. In addition to the structural effect discussed be- 
fore, this could be related to the fact that neutral Cgo is 
not stabilized by JTD, so that a jump of one electron is 
less likely to lead to a stable configuration than in A3 Cgo, 
which has a symmetric position between Cqq and Cgo". 
The different lifetime of the electronic pairs formed via 
Jahn- Teller distortions might also explain why CQ CsCgo 
is not superconducting contrary to A3 Cgo. The difference 
of behavior should vanish as one increases the tempera- 
ture and the singlets start to move more freely. Above 
300 K, CsCgo can be studied again in a cubic structure, 
but, unexpectedly, it appears to be insulating. We will 
show new data at high temperature in paper III that al- 
low to conclude that this behavior can be understood by 
taking into account the presence of Cg,^ and is in fact 
similar to that of some A3Cgo systems. 



^ J.H. Schon, Ch. Kloc, R.C. Haddon and B. Batlogg, Sci- 
ence 288, 656 (00) 

^ R. Hesper, L.H. Tjeng, A. Heeres and G.A. Sawatzky Phys 
Rev. B 62, 16046 (00) 



^ R.C. Haddon et al, Nature 350, 320 (91) 

^ S.C. Erwin, in Buckminsterfullerenes, edited by W.E. 

Billups and M.A. Ciufolini (VCH, New York, 92) 
^ V. Brouet, H. AUoul and L. Forro, in preparation 



9 



V. Brouct, H. AUoul, S. Garaj and L. Forro, in preparation 
^ O. Chauvet, G. Oszlnyi, L. Forro, P. W. Stephens, M. 
Tegze, G. Faigel, and A. Jnossy Phys. Rev. Lett. 72, 2721 
(94) 

* G. Oszlanyi et ai, Phys. Rev. B 51, 12228 (1995), Q. Zhu, 
D. E. Cox and J. E. Fischer Phys. Rev. B 51, 3966 (95) 

® M. Kosaka, K. Tanigaki, T. Tanaka, T. Atake, A. Lappas 
and K. Prassides Phys. Rev. B 51 12018 (95) 
A. Lappas, M. Kosaka, K. Tanigaki and K. Prassides, J. 
Am. Chem. Soc. 117, 7560-7561 (95) 
V. Brouet, H. AUoul, L. Thien-Nga, S. Garaj and L. Forro, 
Phys. Rev. Lett. 86, 4680 (01) 

T. Yldirim et al, Physical Review B 54, 11981 (96) 
13 K.F. Thier et al, Physical Review B 59, 10536 (99) 
1* V. Brouet, H. AUoul, F. Quere, G. Baumgartner, and L. 

Forr, Phys. Rev. Lett. 82, 2131 (99) 
1^ R. Tycko, G. Dabbagh, D. W. Murphy, Q. Zhu and J. E. 

Fischer Phys. Rev. B 48, 9097 (1993) 
1® C.P. Slichter, Principles of Magnetic Resonance, Springer- 

Verlag (90) 

" N. Manini, E. Tosatti and A. Auerbach Phys. Rev. B 49, 
13008 (94) 



To observe an NMR echo using the usual sequence 71/2— t— 
TT, the length of the 7r/2 pulse is reduced if only the central 
transition is observed. Furthcrrnoro, while the length for tt 
should be exactly twice the n/2 one in the latter case, it 
can be reduced to half this value when all the transitions 
are observed, if the dephasing between the NMR spins is 
dominated by a quadrupolar origin. In our case, the signal 
is optimized for the two main lines by the same length of 
7r/2 and a shorter value for tt. 

P. Launois, S. Ravy and Roger Moret, Phys. Rev. B 55, 
2651 (97) 

Abragam's treatment of chemical exchange use similar no- 
tions. A. Abragam, Principle Of Nuclear Magnetism, Ox- 
ford University Press (61) 

R. W. Lof, M. A. van Vooncndaal, B. Koopmans, H. T. 
Jonkman, and G. A. Sawatzky Phys. Rev. Letters 68, 
3924 (92) 

C.H. Pennington and V.A. Stenger, Reviews of modem 

physics, 68, 855 (96) 

C.H. Pennington et al, Phys. Rev. B 54, R6853 (96) and 
references therein 



